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(57)Abstract: 

PROBLEM TO BE SOLVED: To provide a semiconductor 
element exhibiting excellent emission efficiency by 
eliminating the effect of piezoelectric field sufficiently 
while sustaining good crystallinity of an active layer. 
SOLUTION: A quantum well active layer has a multilayer 
structure of a barrier layer undoped region 
(InO.02GaO.98N layer 702). a well layer (undoped 
In0.2Ga0.8N layer 703) and a barrier layer n-type region 
(n-type In0.02Ga0.98N layer 701), formed sequentially. 
Concentration of Si is set not higher than 5 x 1018 cm-3 
in the barrier layer n-type region. 
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Um^mpK, Ix, (x+y) . z] (x, yliffjg 

[If *a 2 ] it^Ji 1 izis«<o»T#p#}jticfcu 

3 ] 1 2 l=IEttro«^?tP«iS 

FfliiSlCfcL^-C. MffinS!««<DJ5i^A<2 nmJJl-tl O 
F1titlC^3L^r. BfFfB#F)l*<rn^^t?Ci:^^«t 

■r-5)a^#F«ii£o 

im^m 8 ] 19^31 1 Ti'M 7 L^-r+t*Mc|B»<Da^■# 

Ffi|jtlC^5L^r. ttltS n Si, O. Gefc 

«^^t;c i: ^ ^Sti ■r^aT#F«it» 
im^js. 9 ] 1 nk 8 t^-r*iA>ici3«<z)a^# 

1 o ] m*a 1 Jbs. 9 L^■rtl.AM=stt<»^^ 

^#F*i)it$fflt^, Bfraa^#F«ittt. iii*sis<t 

(x+y) . z] (x, y l*ftSa)SS(T-fey, zliS^S 
St) T-«*4i^^S$ili:^|fi)(=3S5lcWllLr'5:y, hUS 
WMJSI*, nS!:F««!ia)K-:^**ifcnM«lSi:7'>K 

oi8om-3]UT-efey, mieT> K-:^liiiS±i-friB# 
FeA<}KJ«*+L, »#Fjg±ira!rfBn^«mA<)^fil*;|x 



munmmi$^<r>^m^mmA<^ x i oi7cm-3«± 
■e « c t *4#a t -r . 

[i»*« 1 3 ] 1 1 1 2 lc|S«£D4ia9tt: 

1 0l7cm-35fe;1lr-354Ci$4#®i:-r-5>#i3J<**^-o 

[»*« 1 4 ] smtm 1 1 TbM 1 3 L^•r4^*MclB^^<D 

#»^*«^^l-*3L^T, fIiH««A<l I ISlS<b1&^»i»{*:» 
[ii^JS 1 5 ] 1 1 TbM 1 4 l,^■r*lAM^IE«<7> 

[|f*^ 1 6 ] 1 1 TbM 1 5 l^-r^tA^lc|E«(7) 

[i»*3S 1 7 ] it*3S 1 1 TiS 1 6 L^•r^^3!)^lcI5«(D 

[»*JS 1 8 ] 1 1 TiS 1 7 L^•r^^J!l>l=l^«a> 

¥^^*«^(-^3l^T, ffriens^i^tiA<s s u o, g 
[a*« 1 9 ] mntJM. 1 1 tis i s L^■r;l^7!lM~BB^la) 

[»*« 2 1 ] 1 1 TIM 2 0 t^-r*t3!)MctEfg© 

[»*]S 2 2 1 2 1 lciB«<D*aii**^^a!{jg 

[iS^lI 2 3 ] li^lS 2 2 i-tfi«ro¥»^*:*^^(Oli it 

frf2#Fii(DjKfie^Bfl5S-r-5^t?<DB#rBi$, 30 
[0001] 
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[0 0 0 2] 

[0003] LAnL, a^#F«|iit$«fflLfcU— tf-C 
A^iST-rSCl tA^fe^. (i, I nG a NA^?)J5:^a 

[000 4 ] 3 5:Ltzmm^m-^y ^tzlb,. I, n G a N 
*T-#F«jtlzfcM„\xi$, KMJil-S i (v'/=i» ^ 

Ktt ;f -r i>mmt>< ut l ttnm * ^v.-s m?i a s. Nakamu 

ra et al. . App I . Physi. :,Lett; 72 (2) P.21.1 ). f$SJ9 

ICS i K-r'^-ff 5tfiss.*i=«a^A<«ctii$^t> com 

oixT»w*«.. .. -• =a?iiv- ,. A -a-. ri-.>:"... 
[pops], 0 2!*. Mit±\'l'^:A^^mi^tftm^\^is 

[0 0 0 6 ] @ 2 '(a ) lis 2 0 0.0 - 1-3.3 8 8 

3#i^ffi|Cte«$ixfc^tjtx-&*o l^^«l=J:^tlS, E$ 

e t ^mmmm t ^m^:^t>it^-:- t iz-^ y . <g v f x 
y — i7 m^v^mmmmm ^ isiJi $ -e- -a c t a^t- 

#^)i:$^^rl^*<, LA^LCCD«itl*. S i K^:^$+l 
fcl»ilJl±lc#F®A<ffJfie$;K-5 C <t t tJiitzV). 

[0007] 02 (b) (c) I*, !^rjS2000 

-3 3 23 6 4^^AWLizm7rs^Jntzmmv&^o m-'Am 

0 2 (b) fc<feu: (c) a)<J:5l=. ftSffiA<Gai5 

(S*)i^r•35ss<b^,^^g«*fl3fe^^lcoL^rtt. i« 

^m-^<DSi h*-t'>y$?Td^, nS®JA^t>J:yp^filllC 
ifil^SP^ICl.%<lcLfc/)<oT K-bf>^i^aS^TIf^C 
tA<tS«$H. SaSA<6a(A'y •t7A)S(Cli^l*, Ctl 
t l*i£lCpSffl!|AN e, J: y nSffiHlcift l^SiJ^^■lc(SJA^ a Ic Lfc 



<D:*;£IC J: oT exySI^^3aSMl-«iiar-^^ C t *< 
lBK^+lTt^So Gaffi (cS) tN®l*01 2IC^-r 
«fc5'5:1«it±(0«S$*-r«. @1 2 (a) (Di^«SB*< 
Ga®77&y\ 01 2 (b) a)M^SSA<NHr-fe^, G 

a s t NS-cii^^S+i^ tf X yail<D:^ia)i**, J: o a 
aJiPi.^ic^f*. ±I2^«I4. ca)t"xya*a)?^iai^# 
itU 02 (fa) teit; (c) K-e>y:?'D 

ltlcj:4xl*. C^xP)(;)«ja-t?|*ex'/as<DKS^!2'-r 
L t, ^»ICSf ^-C # as C t A<«^ $ ttT l^ S o 
[0 0 0 8] 02 (d) I*, ^m^^ 1 -3 40 5 5 9 

0 2 (d) <D^.5^jiyayr^j\^-QmMmiz^m(D,s i 

^ K-:f-r« Cilery, #FS*ttt?±T<Df|igJIZil3 
(0 * A i: B ) (7)|B1.-C tx v^SI!! t SJ^D^IrKDB* 
$*±$1±S C^l::J: y ex^/^^lces-T-S^-v UT 
^J-Hi^iJeit-r-stiCD.-r-fc^, c(d:§S-gi*, exy^l^ 

-s i $ K— -5j£5>SA<fc-s„ ^-i^m^n^ 0 0 1 .01= 

(i. G a NO)ii-&. 10-1 9'crn- 3)ilJ:05 K— ::fA<!e:x 
M-C.&4<!:IS«$+l,..3li6«'JI=feL^-CI*2x 1 Ol ? c 
rfi- 3 (Q^ilti^^SA Lfc«!IA<*$+Lr L^S-. LA^ L 

-A<6;. ,z<Djz3tdipm(Ds\.immm{zmxLtzm-^, 

[0 0 0 9] 0 2 (e^) lii. !^P2 00-1:-t1.02 6 2 
it. 02 (e) (DcfcatCTV K— :^-MlUCfcJ:I/E(Cn 

M K- D A<fife^ >h,f=«f it A^W^ S^tr.i;^ 
«o c:o.J: 5ft«fiK$^ffl^5ctl=J: yu- 3R^!^140D 

+irt^-5. LA^L^fA^i^). C;h.'=)<D^itT'l*t"xv''«# 

[0 0 10] 

sitJi<Djgsi±$ajifi-^jtLc.oexyai?a)» 

[0 0 1 1 ] 

imm^m-3ii-t^tz«b(D^^^ **bjicj:+i.i*. iii]$ 
S^b«j¥«i*A>&>Ej:S#F®fc«fci;iSgJlA<, [X. y. 
- (x+y) ,2] (x, yliftStDSSt-efey, rl4S 

^Htznmi&intT'i^ }i-:fmmt^-^ff.. mmnmm 

Jaa3^iffi!f^;g)SA<5 X 1 o 1 8 cm-3uiTt?a5y. nr 

ar>K-:fMm±icBfrfe#FiiA<}^ja$^t. ka^fs 

-hlcWIE n M«SA<JKfiE$ ttfc C t ^!^a<t -r -Si^^f 
F«liS. A<tiet**i.4. *fc*fBiBl=J:*ttf. 
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a^#F^iti*. lllSlS<b1^!l4i^^*A^b<fi>#F)lfc 

^iSmMMiiK [x, y. - (x+y) . z] ( x . y (iff 

zf^nxtznmm^t7> i^-:fmmt^-^^. mmnm 

^i$i<D^m<SiMmi}<5 X 1 O 1 8 c m- 3 JJlTT-fc U . 
Co O 1 2r*fE?BlcJ:4xl*. T> K-:^«iS±i;#F 

«|iSIC J: 9; exi/SS<D»#3!i^jq]i|ii|$4t-5o- #Feit 
-1-3 4 0 5 5 9iiffi|Ct,g8^$*lTL^-5*<. C^tl*. 

I*. *fFei=B|g-r-5l«Sgj!)vt,#F)1^4^-^-'>^^ji 

rta)^$|i^jgS$ 5 x: 10- 1. 8. c m- a jJiT" ' 
t; 3 4 O S 5 9^^lt|B«S*if-:^ 

tul*'*' y'% ffiillSicS^ L T -5 o *^ W%<»Slft 

)lit±l=:i^|iE!|a.*iE«tf=aSA-r+lli-, jt^JS: fcfx 

1= J: -S^r-V y T^J-ai^fflfMt- S C t # -5 C t A^^H C, 

[0 0 1 4] **B^lcJ:+Ltf. lil±<D«fia<Dffi^f^ffl(- 

*y, jSttiia)issi4*a»icsNti#Lo-3, eivain 

[o o 1 5] *fiB^ic33t^r, X. yiiftjftrossn-efc 

y. r(*g»*a-Cife*. ;:a-r4Ci:lCj:oT, SIS® 

[0 0 16] **IBIC*5t>r, eSBttt#FBJ:y t. 

/\->K=^A">3fA<:^#<. #Fll^ff5t±T?SJl$fi 
■To m-a^-#F«ijt(Dli^|ct#F)l^fil5t;±TMB 
^KMJBt-r*. «:33. :*:f!IBI=^^l^ra^#1^F^titl* 
§tMa*#F T? t*-a^-#F-e t J: L^o 
[0 0 17] * ±IBi»i^i*^^<D 
S!it:^j£-cfeor. lllj86^<b!^iiii?i*©ll3ti4**:^*JJ: 



[0 0 18] ^wm!&3:mznm^mm<mxiH^ 

■C#F®)!i<J^fiE3FfL4©-C. ::OJ:5«i:Pu1S*«5S-r« 

[0 0 1 91 C(DlSji:^ai-*iL>-c. ^ma?-#F«ji 
t:\ J: y fiRS^S*^ & 8l y at- ^ i: < 

BoffM^SBte-f^^-ero^rai^, 3 og>iaw±"tt-4 

nM^«^(D;1A ^aSMIcR&jfr -5 C i A<-C # -5V C- 
(Dff jlLB#P^ii; Jf*L < 1*6 biB>rajaJi; S't»'rL < 
(i'l b Oll'rBlljI.i't-r 'S.o c5t'Sc:<!:ltJfc-ot,-" jSS 
'B^(On^:i^l^^®SA^ J: y^tt^ Sit ; 

!^ic#FB<D!issaa*j:yi^±*-i*-5ci:A<-e^ 

*fg?B(c^5a^*F«it(*. ifi^t^u-if, 

(Dff-iznm^m'^oi K— 1•>^$^70^. -tco^i^r^ k 
-:/B*jas-r4cti=j:y, iFe.ic±Bicfi£ft-r-5B 

roJSStt^^^b * -t* ^) C i /j: < a«<DnS#«»:)l A<» 
[0 0 2 0] 

nMfSi@E<DJF$iE«!ljSft (^1^183) S5 x 1 O 1 8 cm 
-SJUTtLTl^So Zor^ZtlZ^lj, SltHO)^ 

si4*a»i=it»Loo, ex!/mi?i<D^s$ffiaL, 
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iiSl:Stot>^-5A<. Sf^L<l*1 X 1 0 1 7 cm-3iy 
±, J:y»^ L< l±5 X 1 o 1 7 om-3 )ii±ft^o 

l=jmfi]-r«Ci: S63t^*$J:y-^|S|±$-ii-i, 
XlSSIMS (-J>C<;it->Si5j-«f) lrJ:ySi]S-r-5C 

[002 1] *f6Wlcj3t\T, #F/SitTa)liai±T> 

^L< 1*1 xlOl 6ciii-35^;-Si:-r-5„ CKTJJ: 3 l--r;tVlS, 

[0 0 2 2] :^^m(z%^m^m^a)7Si±mit.:^mm. 
[0 0 2 3] .^n^izm^n^m^ft, &mm7> k- 

4<1:L^ /=<t^«#F)l~tiafijlnS^iata)raiC 2 n 
[0 0 2 4] *^B^(c^Jt^Tt*. F@<Dit±<PBSJl 

"Ps ^fpll(Dit±2ninJaF»g|= K—:^-r St Sa^MTfe 
-5, CCD-^ICOLATJUT. El3^#{SLTiftBJ-rSo 
[0025] |^gJl'^;§fl^ai L fc;16»M!Stl*@ 3(a) 

h 

X= =- 

27rV2mV 



■C-^^bHi), C<D<t:^h(*:f^>^^i3t(6. 63x1 
0-34J.S). mliS^(D^jg!lM4 (1.82x10-31 kg), V 

[»2] 

A. = . 2X 10-' Qt^ 

[0 0.2 6] m±(DC i:7b^e,, ^1:pJlCDIt±2 nmJilW 

ifrffi Lr tvr t J: t^o , L A^ \^Ut^^\ ^ss^a^tu L 

fc«Mia»i*B3 (a:>,.a>.fe5r=jiasaMi=3S'>r4 

«cg-r S«fc 3 1- n Mffia visits C i * LL^o 
- [OO 2 7] :^SIgBIC,j3t^r, K— 
(±. b.< I* 3: n m JU±; J: y U< 1*5 n mJil 
±. ftt5f^.L<(*7. 5 nmfel±T-fc-5o J1^<D±IS 
I*!^(C^CL^A^ f=t^l*2 0 nmJJiTfr-S. C<»J:3 

,iSim^<DT> .K-:?^^*iai+-5 c.i (c* y.. ns^ia 

Fll(7)^^att$^»U_-r S C. i:7b<l?#v5,, 
' [ 0 d 2,8 ] r^.fe-- n MMm©»i^l*, ».* b C^^ 
mJ*l±, J: y »*L<.(*:3 n.mJSlJ:iT?fc'5-. ±»l=r3U 
Tl*, if * L < (* 1 On mJiiT. ; J: y »^ L < I* S.n m 

[0 0 2 9] ;^:3e^(~*5L^T. n^^lt<!:T> K— 
Jg6^fct5l±fcWMJi±«i:(7)nS^«%:SSl*, 3X10 
.1 8 crT,-:3ijt-pi:-r-5Ci:AW^Ut^„ croj:3l--r 

mift^m ^ mmr s c t At-c ^ s , 

[O O 3 0]^^B^|CfcLxr. »«(*. fI/?(7)4,<D$Sg 
fflf 5Ci:A<T?#-5, G a N. A I G a Nl? 

©I I I lSS<t!|4!l¥!9<*»«. -y-^T-fT, S i C, M 
gA I 2O4^05^a«*4»^fi5|^fflL^SC^:A<■C# 

So c</5 5^. II ims.it^^m{^&m^mi^tzm 
iijfe3a*(D3j«3asA<, cfcy-as^t^srs, v-:? 

six— tf^jg^ffjjjELfc*!^, 7S^m'piz^<(Dxmt)< 

S«g^^A<ecy-V'-r<'JcS. c*i$igits:)?;it L 
■C. 5S1tS«flcs i ^(O^M^s^itSiM^ai; K-:^u 
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&mtLx-i I im&it^'^^w&^^mi\ zht. 
**-r -sfi^ itp jSttJi t s«a^^t>i*s z t ic J: y , 

sa^ £3t»-r ■& ^ t f , . , 

[003 1] ±8Ba^*^4\" Tl lfl?k<b«Si|i3H*»«<D 
SS^iiSgl*. - t X I* 1"^ b 8<i/ c m2 JaTT'* 4> Z 

(-^■^^ F I E LO^ (Facet^ Initiated Epitaxial Latera 
I Overgrowth) fcStM*'<>TW-;t-ie^»^^i>aiS?|c* 

CO 6 3 2] - ( F I E t:dl£) ^^rrvf Tif<7)Sffi±lc 

»C^ G a N $ j^fig bV ^-^TOi-t lSX h ^''tfiO) Si i ©2 

■7X^7 $ jgfigt: ^7 WO iSBi- G a Ki ^a««i*isi 

-e- -5 ci .il li J:'y aS^fitSBSi^d^'S ivcya' n II 

*t itw < - a«ei:^ifii Msi^i -stttTic^i^inK i ffl 

m?-^ (■•1-9 9 9^) le? 7 4-ii~»-7'7-9ilj 3f 

■e$L-5„ ^^^--T^-fvf^xB^I^^VSISO^^ f± txiS 

' ' ris vetankaS;; Zhe I evaet: A ii ; f M;R S i nte rriet • <ii , N i 
tr i de Semlcondr Res; itSI 63. 38 (-1 999) j l?lc|B"« 

lo o 3 3] /jfc- "1 \ mmm^m<i^Am(Dmmfnm. 

-T EMS^-r-S.*; •4>*P(0:^^IC* tjai|£?^5^Ci:A<t? 

[0 0 3 4] *fSBjicfcMt^5 m\m'mim^m»y 

It. — flftiC I n X A I y G a N ( O ^ x ^ 1 . O^ y S 

© jssmat t s t (D t L t ^ ic; J: y jam M -I? 

X t/s* A<ii^ L . ex i/^n(Dm9tmm tts^ z t 
*i . w(= J: s ex i/mi!ifl>fflJiMja*j!i<«fc y 

[O O 3 5] :$:f6Bfllcfi|Sa^F-#F<Sitl*, IIISlM^b 
^^mWii^^tS:i,^pmiSi:lfMmi)^. [X. y; - 

(x+y) . z] (x. yi*ffis©ssir-fey. 2(*g^ 
fctx.if. '>;u'>a£M<DS!gB^«jt*^-r-5iii 



iris.t>% [O 0 O 1 ] :^lpJlciE<Dfig^j-$:&-r^^|£3?tt:B 

XI*, mt-ti') '^j^Jk^^^^mxzmiiiyt. ( i - 1 

0 1) ®, (1 1-2 1 ) il«f*i««iiii:.-r-'5¥3H*e 
[0 0 3 6] C<7)J:5'Ef«SafiESffi©aL''l*; fc<kx.lS 

C fir J: 'sXi^'M.-thZtt'(^'§hi^f^m^n't br 

1 h x A I y G a 1 - X - y N ( ag x^ T\ -O^ y ^ 

^ 1 ) c®c -rtc'*D*.= (o o~o 1")- s^jgSBfe 

fiis t Lf=«^i assi*s 1*2 i=*-r ck 5 tG a s 

( c .® )- S o ft a® A< L ^ A\ -i> S 1? -5 ^5t s2t" 
iSnJ't'X V h±-j¥>ff^:b^Z t[zii H^ 

•■gr> ^K^^b:^ '/ '!7-iV<D\i: -5 >S:X'-y-^>^-Si](*v N|114<D 
Sfc'lt ^x I'S CH t,>tT:^'fc ffl 

U^-SZ iliJi yG a ffi^( c ^)• A^NS (- c®) Av ^ 

s t A<w«; :*'«Mr'«^#-S«^ 

X^ => Z i: =feJIS-t?fc y ft t x.iS; T-f 7;c.® Ji 
fc,,;c®; ^'T'it^TS (0^0 b 1 ) ®^ja^J5KjR®i:jr.S) 

T\'fj\'&<tfkwxfmwt^-ztt<m's)ixs>-^'i - 1 

. tao 3:7-]:*fgMI*", #l'jR«*n>n-*^tr«ifiSlr3|ffl 

1= fcf x-'/S|^iA<f!^t- 5 I h (Dffl^-Stlc * 

;"K:gA<^;-K«l='S-5: SKLMiaA^SSl- J: orS§5t;fi:^ 
^J-* A<^i&-r -5 i: L ^ o fc;S^ ^ ? I C -r li^ A^fc ^ , 

I n $#tra^#p5S1fIl*3lEG)^1t*fl»$i*4:it 

A<T-#*. 

[0 0 3 8] *fle«l-fcL^r. nM^iW^il*; S i ; ' 
O, G efcJ:tfS nA>e><C^^A^f>a«^?^T,5'>'S:< t 
t-aa>7C«^^t;t<7)i:-r-5Ci:A<Sf*bl^o COTJ: 

oKrM.\t. exyaiiicj:i,fi3t^sa)«T^*3aic 

[00 3 9] *f6IBCcfcL^T, (SSIl* «> n S^ttltT 

^'>Lxi^i,mfS.^um-t^ztt<x^i>o z<D^r)\z 

[0 0 4 0] 

ciij£«iji <mmm\> S4i±*f64Bic^^)iii-vBiS 
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l=, l|[*40nmOD€;gGaN/^y 77— 11402. JS^LS// 
m©n^ GaN3>5i^7 HI1403, m(7)nMAIo. 07Ga 

0. 93N^ y KJ1404, 11$ 0. 1 ju mronSGaNJtiW'-f FMi 
05. Jl $ 3 n m I no. 2GaO. SNS^^FS t il $ 1 0 n m(D 
Inc. 026a0. 98NRtSFS;(i> ^>'ej:'&3@Ma)^aa?#F^ii 
jSttJ1406, Jl* 20n mtfJp^Alo. 2Gao. iU^-v y yMAO 
7, »*0. 1/i/m<DpMGaN3tA*'l' KM408. ll$0.6//mCD 
p^Alo.07Gao. 93N-i'5-v KS409. Jl^O. 05ju mOTpMGa 
M3>$^7 hJB410. Ni / Aua)2@^gA>e,;S:*pefii41 
K Ti / AI<D2ll^®nSS412A<j^fiE$tl.rL^S. 04 
l~^it^T. pS-J?^-;/ KJ1409,!:pM=i>^-5' hJ1410lix 

i3i=jrax*ti;i 'J •y5?ros85$(»urjgja*ttf=si02K 

fc. ^■4lz^^L^r. x-y5^>-ir|cg:yn^ GaN=i>'^'5' 

hJi403$sai$-a-. -ea)±®^cnm^l4l2^ff^fiEtTl^ 

[0.0 4 1] :xiz\ m4(r>mm&(DiLmiz'oi\xmBM^ 

(J5ITM0CVD) $mi>fco. fiESIE*l*#«fl5:@(^J«:g(D^ 

.()aTSiH4)^fflL>. mm^miz^i^xit'tH'e 

60Torr<7)N2-C/<3f «J V<7t-r S c t l^^cfe U •?-a)iafoaa 

■r s-t^ :7 r -f T*ffi4oi ^ ISM l; 7j<mi?smT-ei 100 

SOO^Ci: L. TMG5sccmat/NH3l0slm^ttJ&Lri^:7r^ 
7'Sl5401±(c40n m(D{g;aGaN/<'> :7t— B402^ff^;iE 
Lfco ;:»(cTMG(D«J&^*ii:L. ttffiSS^ 1 100"C«t L 
fco oi%t?TMG15sccm. K— /<> h «t Lr<7)SiH45sccm& 
l/NH3lOslm*«$SLr««±fcl5$1.5itimCDnMGaNzi 
^^i-? hil403^ff^/5EL/co ^^\z^ **5±lcTMG15scc 
m, TMASsccm, SiH45sccm5^LKNH3l0s lm^<ft$3 L. Jl$l 
Um(Dnm Alo:076ao.93N-i7^*:/ KI1404^. ol\"CTMGl 
Ssccm. SiH45sccm&L^NH3l0slin$^JgL. J5$0.1/im 
(DnmGama-C Kli405$ff^fiEL/ro o^lr. »ffi401(7) 
aa^SOO^'CfziSJ^L. TMGlOsccm. TMISOsccmt L < (±3 
Osccm. SiH45sccm&I/NH3l0slm^fit$gLrS«±fcmil 
3 n m (D I no. 26ao. SNS^^P B t n m<D I no. 02Ga 
0. 98NeaMcD3S»!3&^e,^^:S*Sa^#F«itSttB40 

[0 0 4 2] CCr. ^aa^#P«at;*St±J1406(Dff^ 



S$800°Clz-SJ#L. TMGlOsccm. TMISOsccm, SiH45sccm 
&i;NH3l0slm^«JgLT2. 5 n mCOnMlno. 02^30. 98N 

momn^^oois^mm^Lm^f. 7. 5 nm07>K-3^i 

no. 02Gao. gQmmmSOl^^mt^o * b l::TM I (DmiBM, 
SSOsccmlcitaL. 3nm(7)T> K— :?lno. 2Ga0. SN^l^F 

H503$jBfie-r4o. c(Dxas3s»!«ysL. g»i*T 

> K— ::^(no.02Gao.98Nli502r'*l7l'4o m±CDS1±JS 

[0 0 4 3] C:cO<fe3lCff^JSLfcSttli406±(cTMG15sc 
cm. TMASsccm. K-"/^> h i: LT (EtCp)2Mg SsccmautN 
H3IOS Im^^jSg L. Jl$20 n m(DpSAIo. 2Gao. 8N4^-^ 
:^Ii407^J^;?ELfco oi>-eS«401(;)SS^ 1100°Clr-R 
M L. »te±(cTMG15sccm. K-r/^> h t LT (EtCp)2Mg 

5sccm&t/NH3lOslm$fit*& tT)5*0. 1 ^ m<Z)pSGaN3t 
:tf-r K@408^ff^i$Lfco oixrTMGISsccm- TMASsccm. 

h<h LT (EtCp)2Mg 5sccm&u:NH3lOslm$#t^ 
UTpMAIo.07Gao. 93N^7^^y Kg409^ff^jS Lfco- 
(::»S±lcTMGl Ssccm. (EtCp) 2Mg5sccmJtLKNH3l0s lm$ 
tt«&L. l5^?0.05/im<7)pMGaNP>^^ K)i410^fl^fiK. 
' Lfco -ecD^. »ffi401^idc:gSSJ:yi5yaJL. x^y 
^^-yic* ypMAIo. oyGao. 93N^7^,a KJ1409 <h pMGaN 

=3 >i» ^7.hB4io^i|@3/i m(D;^ -:^ttoy-y v.«^ 

413fcinx Lfco 3? -blc 'j y v(DgISP5|^LATSi02M414 
^Bf&L. Ni / Au(D2ll#S;&v^^|:4pm<3l411$K^|g 
^Kcfe y JKfiELfco- Sfc; x^>^>^f(cJ:>Jn^ GaNzj: 
V^i^ hH403$Sta*1±. -t(D±ffi(:-Ti / AI<D2»* 
®;^)^e:^^:Sna^412^aS^©^cJ; y j^/S Lfco 

[ o o 4 4 J ^»t,*Lfc¥«i*b--tfa)Stt»^d:. wn/i 

X^-DfZo 

WmmT:^\^—Zfmm. K— 7^lno.026ao.98NISS 

11502) :liJl7. 5 nm. S I aSl X 1 0 1 7 cm 

#F)1 (T> K— :^lno.2Gao.8N#PJ1503) : BUS n 
m. S i ;mS 1 X 1 O 1 7 cm-3^;|| 
PSSJShS^iSE (nSlno.026aa98N|SS®501) : BJl 
2. 5 nm. Si Sit (^l^iS) 4 X 1 O 1 8 cm" 3 
S i SSfiS I MSICcky;HSLfco S1 1 1 li:*^IIJSff»l 

e-AlcJ:y|S*4^JSyitt;fcd^. fiiai2F*LS5c^A<§g 
^F:^ffi]^fr*)2k*tL. ?#e>*tS3^p:7r-<;uA<1g$?l 

S;!)<. (r>K-:^lno.2Gaa8N#pB5 
03) (Dit±<7)^lC©Ji»ttS< S i t<\^-Zf^HXl^^o 

[0 0 4 5] mtz. ±^tmm(Dyo'{z:^x^mi^m^ 
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<i*?flV pMGaNa>^<7 h)1410a)S14$ia'<f=.i: 3 

[0 0 4 6] *Sllifi«ia)^i»i*:U— <flC^l^r. I63t^ 

glil Oa.u. . fgjtlfd&IiO. 8nst?$.ofco 
[0 0 4 7] :*:|lliS«ll-ei*, n^^jM^$ K-:^Lfcl$ 

[0 0 4 8] ^fc. mmmcDo^^wmmTOim^iz-o 

Jgft14(OISl±*Horl.^■5. citoTvK-::''^ 

[0 0 4 9] ^cfc, *jlSS«>J-t?l*, nSlno;62Gao.98NP* 
MJl-5 0 1 t T > K— ■r^'lno. 02Sao; 98NWS)1502<Dr2a 

[o o 5 o] <mmmzy aeia^juseyicissi 1 1- 
L^T, z<D\\ \ - vmmit^^mi^iy—*fiti cm^mm 

t^i>mt 330 i/ m(DnMGaN««601 Jiir U— --tffiSjgjb^f^ 
JiE$*V-CU>i>, C0)nSGaN»tR601li, ffifjSCfcF I E 

T ^ ^ # X ^ > y t* h ^ S $ S L. i: C 

Mroteass^e^-c^, :$immizm^nm^m^a)\^ 

-\z^ytfyoy7^Mz^^mtfii^m(D\^±xhmt}<. J; 

[005 1] ^■rnSGaN*«601±lc, Jl$1.5//m(0n 
m GaNH602. H^l ^/ mCDnSAlQ. OVGao. gsN'J' 5 KH 
603. il$0. 1//ma)nlBGaN3t**-(' K®604. jl$3nm<35 
I no. 2GaO. 8N*-7-#FIB t ^ $ 1 0 n I no. 02GaO. 98NP» 

20n mOTpMAIo. 2Gao. SN+V -y :::''I1606, mtSO.^u m(D 
pMGaNit^V pMGaN3t**-< K/1607JilCJK^$ 

*i» ^iRi<oiie2iima)x h^-(';:>'ttB3PSP6i3$^of=Ji 

$0.2//m(7)K1bS^7X<7 60B, K^b^S^X^608± 
l-SS^WIcff$fi£$^xfcJl$o. 5ia mWpMAIo. 076ao. 93N 
^'^-yKHeog. Ji;S0.05//ma)pMGaNa>5f'j7 hgei 



0. Ni / Au(D2S*SA^'i^f-5>pSffi611, Ti / A I (0211 
&Hnag612A<JfJfi£3F^l.Tt^-S), SlSIZfcU^r, nMGaN 
SffieOl (Oasir nmeei 2 $ JgJi£ L T -5 . 

[0 0 5 2] jfeic, 2jiji^*s©iBi«xai=oi^TSjiwr 

•So ^mii^mmmizitmm^mi^tzo fS.SE.:tiit± 

rtDMlfCIOOTorri: Lfc. $f=Vgl7cm«$g3Si: LTN 
H3$,.|||fil3nmtt$&IS<tLrTMG, TMA. TML (EtCp)2 
Mg. SiH4*fflL^. mm^mlzr:>l^x^tf:i^^i^<Di^^)> 
^f— jaJS^-IO'C, 20°C> 30°CiLTi li^760Torr(ON2 

(=tt$SLfc, fiU;§rtl=Cffi$a®i:-r^.nMGaN 
«*R601*|ftSL, *iRS?fflSiT-eiioo\;icJia!»L, -3 
LA-CTMGISsccm. K— h i: LTtDSifiiSsccmJfcUJNHsl 
Oslm^«|&LTa«±lrJi:$1. 5ju m(OnSGaNJ1602^J^ 
fiELfcb affi±l-TMG15sconi.. TMASsccm,' S1H45 

sccm&rXNHslOsl^^^HgL.: m^^urnOihm. Alo.07Ga^ 
0. g'sN^' ^-y KB603$, OL^-eTMGISscom. SiH45sccma 
t/NH3lOslm$ttifgL\ il$0. 1 m<0n^GaN5t*V K^6 
04$ff$JiKLfc. -3^1-. N^G a N»S601(n;ajS$80O 
"eic^jf i;, TMGlOscoia TMISOscomtbX ftSOsocmaV 
NH3lOslm$^|&L-C»«±l:i)gJ13 h m(t>lno. 2Gao. sNfi 
^^Wmtrnm-^O n m© Ino. 02Gao: 98Mf*Sll<03S^3!)^ 

C0 0=5 3].Cd?, #aa^-#F«JSJSttli605a)J& 

IE60rCD;SSt&800°Ci:^^U, TMGIOscon, THI30sccm. 
SiH45sccin&I/NH3lOslm$^|gLr 2. 5nm(Dn^ln 
0: 026aoJ98N®701 ^}Bfi£-r-5, v;J?(£SiH4(DflttS<0*^*f 
JhU. fi!2(D)S*4^1O0|j.fBm^Li^lt. 7. 5 nmCOT> 
. K"--;?Jho. 02Gao. 98N@702^Jgfi£.-r So 5 €,ICTMlO)tt 

g703^ ffjSET-s , (DJLm^3mmm<-)m l, s^iar 

> K-:/lno.02Gao. 98Nll702T-^7-r S„ ia±(D,^14ll 

[0 0 5 4] O^|rfi^#P«|jt5SttS605±l=TMG15sc 

cm. TMASsccm. K— /<> Ki: LT (EtCp)2Mg Ssccm&tWI 
H3l0slm$et$&L, ll^20n m<OpMAIo. 2GaO. 8N=t-^ 'V 
■^Heoe^J^BELfc. OU^-CNSG a N«tS601CD;aS$ 
1100t;l=«»L, S«±fzTIIIG15soom, K— 
r (EtCp)2Mg 5sccni&l/NH3lOslni^tt$&LrJl$0. 1 jUm 
<?5pMGaN3t:^"f i^MGOl^nmLtz. -o^lzmt^m^ 
7(.<?m^mmLtzo ^-TN^Ga NSSeOISSS^T? 

yMJSo. 2/[/ma)K<bsmK^ffJ/iELfcro*,. :7*h'; 

V :7XgXr/x -yf^V-irxglcd: Ti|ii2. 0// m<D 
MPgJ613SffJfi£Lfco Sl/N^G a NS«601 

$R£SSISI=:i9:aUT1100%(rAD!lftL. TMGISsccm. TMA 
5sccm. K— -'^V h t L r (EtCp) 2Mg 5sccniS,l/NH3lOslni 
^ttiSUrpMAIo. 2Gao. 8,**^ 7 KJ1609$J^/« Lfc, 
o ^(CTMGI Ssccm. (EtCp) 2Mg5sccmat/NH3l Os Im^fitjg 
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a N»ffi601(DiS®lcTi / AI(©2S*JaA^e,^S:^,nS 
(0 0 5 5] •f<OS14Btt, »SIB 

V&':>tz. ... J 

KS)1T>K— :^fiia (lno.026ao.98NJ1702) : Jgl?.' 
7. Sjnm, S i ;ia 1 X 1 O 1 7 cm-SsIsp 

^fpS' (T> Kt-3''lno. 2Gao. 8Ne703) : Jf J?3 n m; 
S i jgJS l X 1 0 c ^ _ ; 

KSJa n (nfi Irio. 02Gao. 98NiS701 ) ': FSmz . 

5 n m; S i (^l^M). 4 x^i o 1 8 © rrtC 3.'; 

s i ;mjsi*s I Misi^ckyaiis ufc, 

Co, o: 5 6 * f= ±iB i: mm<0.-:f P Hz X "e^^i*)!^ 
J^fiR LfcK^^irotvr -t?! > I -v^ I'^f ir J: ^ilBf^SE 
W^frLA, pMGaN=i>/Si^7 hg610(7)filtt$iS'<fc t Z 
5. Z(DJl<DSHttG aS- ( 6®) "C 15 -5 Z t A^Stg $ 

*tfc.. • . -..i: :.. 

[0..0 5:73 :^mmm<D¥^mit^i'-^mzrpi^x~, 

mt r 2 a. ui\ f§3t*^(* 1.0 h.s.t?fe o fc.- 
[0 0 5 81' '*SljfiC9-eii,- nm^m¥i^.h'^:fLtzm: 

[O0 5 91 WSIla?a-^#F@IlT0DS?5J:lco 
^ fiES L r L ^ -i> ffl ic . K- :fmm}&m{z'j;it L tzf^^B^ 

[0 0 6 0] $ f,(c*lliS^JT?li, i^mfS.^Ti&&Wit 



#pStt)l(OJiSSttA<m»r-fey. ±fBs iiSgzfnp 
-6, 

[006 1 ] )iffc\ *j|JS^J-CI*. nM=F$l#) K-:^J17 
01 tT> K-:7»702ro-aS(Dlir-KS)l$ff$fiELT 

^ [0 0 6 2] <it«Lm^> mmmz. meiZT^.Ltz^m 

;uii!2, (a) . (c)'*5J:i;"(e) ©J:.-5(::Lf=KJ|^ 

[0 0 6"3]~tmal4. EI2 (a) ronS^ttl^lK-e 
:/j/f'7fU-p7^)\,^n.mi.tz^<D-Q^^)s On 
mv 3 n m t Lr L\4„ 

*[oo.6 4] tsii^bi*.-. S2 (o) (Dn^^^^iWiaK— e; 

>^:^P57r'f;u^gEfflL?-*©T?fcy,. BSBi o n 

mv ^fFB3 nmt Lv INSIST:/ K— i:^^«S-5 n ... 
m, [§S)ln^^l^$5nmi:LTL>'5i 
[ O Ore 5 ] Ptii^ c (i... S 2 ( e ) © n M^iW^ K— tf 

>-jf:^-p^7r'f;u*^fflLf=ib<r)r&y. fSSif i on 

m., #FJ13 nmi:,L, KgllTV K— 5 n- , 
m. WM)i nM«Jt5-=&2. 5 nrnt LTL^So. 

(g 0.6 6] i£*4a:. b. 33j;jc;o lc33t>T., I^iipi? 
> K-r''^«t?l* S i ?ajt,1 X 1. q 1 7 c m - 3 5|5-3Sc 
WS®n^filt-^(4S i ilS (¥l^<t) J4 X 1 O 1 8 
cm-3 t $gS$a i l^^to #FIi,iST$7> 

S6ffl-r-5 c t ic <fc y ; f63t3a^3b<Spl.=3tS*4iS :i <t 

[0067] <Jt«ClJ 2 > IISS0IJ 2 . E! 6 Lfc*^ 
— -tflCfcLvT, (tMJlnMlilSE (n^ I no. 02Gao. 98N 
S701) (OS i as $1 X 1 o 1 9 cm-3 

[0 0 6 8] 

[S1] 
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pi* TT 




%ift^& /■ a. u. 


/ ns 






9. 0 


0. 6 






3. 5 


0. 3 1 


tSMm ^ ' tmc 


. X'^--y— lifcy 




^ 0-. 3 7 


mmm2 ' ■• 




' \ _ i 2 ' 













■ : • : . ■ ■ . • c =^ e c i 

[0 0 6 9] ' 09 , 0-1 ofe*tK0 i -a ttv 

I n G a N^aS^=^#FS1tJi^= S i if K— :^Lfe^3fl 
#F)li:M»1 O nm<Dlno.'62GaO; 98NK^Iia)'3S*86> 

SStts rMsi=*yiBiiSLfc. ^fc; PLaiJSrosieit 

3i(c li. et3 fj>^ — K □ -i- <7T\ :Sapph"i i-e if (6|g^ 
2)5igrtiK(SH6) (370hin. 80MHz. ¥J^ai*5mH) ^fflC^fc. 
[0070] 09 li: Si ;mJS i: f63t3*^a>H^$¥-r ^ 
^ r> -e -5 „ S i ^5 x1 Ol 8cnr3^g;^fcigS-& e > 

S^-r-^f 7 :7T?fc-S.' Si jBJl05l8J*(t^*tTai3fe5te« 
am^it-t^f}^. ^-tDyJi^liS X 10l8cinr3-etSfd-r'-5C"- 

os^^^-^^^-cfei), sijiSA<^-r^-ct«-r^Tt, 

[007 1] )ll±<Dttt^i. SijlJt#ji< fr^-5t 
[0 0 7 2] ±lB##CIJI=:at-rj:3IC, ISge^iSlCS 

i $ K-::^Lf=«ii-ci*, ^Jjsei^iijlJS^ 5 X 10 18c 

^mwMm^mtb r t fE3te3S!i*A<«T-r -set tmv^ $ 

* T > K-:^, #FSit± * n S K-:^ t LfcfiW (SIJS 
W2, U:gSffil2) oitm^tsi^x tmmzhrit^^o 

o 1 8 cm-3gjgt-f ■siiJSW2-ei4*3fe3a*roas 



1x10 19 cm— aSfttf -5tfe«J<5!l2T?l4^3t3S!im 
A^li'fbL.fc'. I X 1 0 1 9.c;ma-3.^^^^:i^$ig!l^igS 

H ^ J« C r *-;77"> K- ^ J^fiE L T L > ^ Pel I cJS 
B^BttA^3£5J'l^isl«1+-rv #tF@a):?iP(8*<^ < 
fe3t3ai¥/)<S<b-r -5 1 <0 i: jtS $ *t -5 , *fEBJ|c fet>T 
(M fel±<DSIiSilS«l=«^es: #FlliaJ:a>SS)Brt<0 
^i^tlSS^ S-x. l oTI 8 c m^ SjiiTsi: urL^^io 
[0 0 7 3] <*S£M3> 0 8l4*fEBJ(~11*III-V: 

ig^^bife^^^fgat^f-i:^- K(omKffi0 c 

i:^«J5#330/i mC)-9-7 r ^ TftffiSOrJilt, ' 
|p540 n mODffi;gGaN/X -y :7 t'^ J1*1- 5iu.m<Dh 

m GaNd >:5' 'i7 KJ1803; i?$4;[i mCDnMGaN)1804v J?^ 
$7. 5nma)Ti>>*^::^GaNp805i Jl$3nni<Dlno- zGaO. SN i 
Sl^eSOe. J$$SnmO>nMGaNB807. IS$50nm(OpMAI 
0. ISGao. 85NM808C. JlS20nm(©pMGaN=l hB80 ' 

9; Ni / Au<7)2li^)iAvf)'5:-5p«11810- Ti / AI<D2)1 
^MJb^ ti <C -5n«lS81 r*<}efi£ ^ftT L> 08lca3i.v. 

x-y^>y(=J:ynS!GaN3 i'5i^7 hHSOS^Sai* 
i±, -5-ro-tEI::nSfii811^}^l«LTL>-5o 
[o 0 7 4] 0 8(D)l«jt<»Igl::ol.^T|ji?B-r 
•5. #¥^<*Ha)J^fifel-f±MOCVD*ffli>fc. fiKSE*!* 
^T©fimT?10OTorrt Lfc. VS67c^«^31i: U 
TNHa^, lll<Sl7r^fitt&3Si: LtTTMG, TMA. TMK (EtC 
p)2Mg. SiH4$fflLx, #®*«lwOL^r(*^■*l-e*^-(0-> 
'J^^*"— SS^-IOt, ZOt;. 30lCi:LT, Eii760Torr 

:?r'fT««80l^^ML. *^l|!H«T-eil0O°c(rin 

iftL. s«aii<DjS»^^Tofc. ?Ric»«iajt^5oot 

tL. TIIIG5sccniai/NH3lOslin$«fgL-C-9-3'T'rTS« 
801±lc40n m(Di5;SGaN/^-v "7 7— 11802^ J^fiELfco 

;ji:UTMGfl)«tg^*JhL, Steias^noo'ct Lfc, -o 

t^^?TIIIIG15sccIn. K— !> t L-ca)SiH4l0scoin&t/NH3l 
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Os I m L r SteSOl ± IcH ^ 1 . 5 w m OnSGaN 3 > $t 
<7 h 11803$ ff$^Lfc= »«±lrTMG15sccm. Si 

H45sccina L»IH3 1 0s I in ^ L , Jl ^ 4 rn<75n^GaNB80 
4$J&fiKLfc„ ^^lcSiH40^<igro^$f§jl:L, TMGISsccm 
Jit;NH3lOslin$1008.'Wtt$&LiBglt. l5$7.5nma)T> K 
— :>'GaN)1805$}KfiEUf=, -£-(0^, S«801(D;gJS$800 
"Clc^^L. TMGlOsoom, TMISOscom&urNHalOsIm^ 
Lrffi®3nni<Dlno. 2Gao. gN/ll'ttllBOeSfg^ Lfco $ 
IC, TMGIOscom. SiH45sccm&o:NH3l0slin$^Ji&.L, 
5nin<;)nSGaNJ1807$}^SE L/io 
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